Abstract. This paper describes an analysis of the torque characteristics of a noncontact spinning system using linearly actuated magnets. This noncontact spinning system spins the suspended object (here, an iron ball) without contact by the remanent magnetization and the linear movement of four permanent magnets. In this paper, the remanent magnetization point is modeled, and the rotational torque of this mechanism is calculated by IEM (Integral Element Method) analysis. The rotational torque is also measured using a measurement device with strain gauges. According to the IEM analysis results and the experimental results, the rotational torque characteristics of the noncontact spinning system are discussed.
Introduction
Many types of noncontact suspension systems and manipulation systems have been proposed using electromagnets and permanent magnets [1] [2] [3] . With the development of high-performance permanent magnets, more and more researchers have focused on magnetic suspension systems using permanent magnets. For example, Oka et al. have proposed an active magnetic levitation system using a permanent magnet and a motion control mechanism [4, 5] . In this system, noncontact levitation was realized by adjusting the magnetic force via the control of the air gap between the permanent magnet and a ferromagnetic suspended object. Mizuno et al. have proposed a magnetic suspension system with a permanent magnet and three flux-path control modules consisting of a ferromagnetic plate, a voice coil motor (VCM), and a displacement sensor [6] . Ueno and Higuchi presented a magnetic levitation technique using a flux path control method with a composite of magnetostrictive and piezoelectric forces [7] . The authors have proposed a variable flux path control suspension mechanism using a disk-type permanent magnet and a rotary motor with a reducer [8] .
Noncontact spinning systems have been proposed. Ikuta et al. have proposed a noncontact magnetic gear acting as a transmission mechanism [9] . Okada et al. have developed a magnetic bearing mechanism combined with a motor mechanism [10] . The authors have proposed two types of noncontact spinning systems using permanent magnets. One system uses rotational disk magnets to vary the magnetic flux field around the suspended object [11] ; the other system uses linearly actuated magnets to approach the suspended object [12] . Using these two spinning systems, the suspended objects (iron balls) have been spun successfully without contact. The analysis of the rotational torque characteristics of the later system using linearly actuated magnets has been performed. However, the iron ball could not be spun [13] .
In this paper, the prototype and the spinning principle are introduced. Based on a simplification of the remanent magnetization on the surface of the iron ball, the IEM analysis model is created, and the rotational torque of the noncontact spinning system is calculated in several cases for the number and the position of the remanent points. In addition, a measurement device that is similar to the analysis model is set up using strain gauges, and the measurement experiment is carried out. The models of the remanent magnetism on the iron ball that can cause spinning are explored. Fig. 1 shows the configuration of the noncontact spinning system using linearly actuated magnets. The mechanism has two parts: one is a suspension part, which consists of a permanent magnet, a voice coil motor and two eddy current sensors, and the other is a spinning part, which consists of four permanent magnets and four VCMs. The spinning part surrounds the device, as shown in Fig. 1 and consists of four of the same independent units. The magnet is installed on a linear actuator and is driven to approach and move away from the suspended iron ball.
Experimental Prototype and Spinning Principle
The principle of the spinning mechanism can be understood from Fig. 2 . The suspended object in the center of the figure is an iron ball on which there exists remanent magnetization points. This remanent magnetization causes the ball to rotate about the vertical axis due to its attraction to the approaching magnet. The figure shows that magnet I approaches the iron ball. When the magnet is near the ball, the remanent is attracted to the nearest magnet. Next, magnet I moves away from the ball, and magnet II approaches the ball. This time, the stable point will be at the position facing magnet II. Theoretically, repetitions of this approach-depart cycle of the four magnets can make the iron ball spin. The control block diagram of this spinning system is shown in Fig. 3 . Four PD controllers are used in the block diagram, and each feedback loop is independent. Four magnets are driven to move by sine waves that have the same amplitude, the same frequency, and different phases. The phase difference between two adjacent magnets is 90 degrees. As a result, the four magnets approach the iron ball in turn. Consequently, based on the repetition of this approach and the separation, the point of magnetization continuously faces the nearest magnet, and the ball is rotated.
Remanent Point Examination and Modeling
Remanent Point Examination. Fig. 4 shows real remanent magnetization on the surface of the suspended iron ball. The magnetic flux density along the equator near the surface of an iron ball was measured by a Gauss meter. Before the measurement experiment, the iron ball was suspended with
256
Applied Electromagnetic Engineering for Magnetic, Superconducting and Nano Materials the suspension system. The measurement was performed over two revolutions of the iron ball. The point with a large magnetic flux density is labeled the N pole, and the point with a small magnetic flux density is labeled the S pole. On the basis of this result, the existence of the remanent magnetization points on the surface of the iron ball is demonstrated.
Horizontal Magnet System (X1) Modeling of a Remanent Point. The strength of the remanent magnetization point on the surface of the iron ball is very weak, and the rotational torque of the iron ball cannot be analyzed directly. To examine the rotational torque of the spinning mechanism, we assumed a remanent magnetization point could be represented by a permanent magnet.
First, we made a model of the iron ball that has two remanent points, as shown in the right of Fig. 5 . One is located on the top of the iron ball and generates the suspension force. The other is located on the equator of the iron ball and generates the rotation torque. As shown on the left side of Fig. 5 , each remanent point is represented by one magnet whose one pole is located on the surface of the iron ball, and the other pole of the magnet is located at the center of the iron ball. As a result, the N remanent point is modeled as if it were located on the top surface and the S pole remanent point were located on the equator of the iron ball. For the magnetic analysis, we use the IEM analysis software ELF/MAGIC, which is produced by ELF Corporation [14] . Fig. 6 shows the analysis model with one remanent magnetization point along the equator of the iron ball. In the model, we assume that the rotational angle of the iron ball is expressed as θ and the drive angle of the magnets for rotation is expressed as φ. In addition, the movement amplitude of the magnets used for rotation is represented by L. The distance between the center of the iron ball and the movement center of the magnets is P. The diameter and the length of the magnet regarded as the remanent magnetization point are 5 mm and 15 mm, respectively. The size of the magnet used for rotation is the same as those used in the experimental prototype.
Using this analysis model, the rotational torque was calculated. Because the magnets were driven by sine waves with phases of 90 degrees, the analysis started from the position when the remanent magnetization was facing the nearest magnet. When the remanent magnetization rotated in steps of 5 degrees from 0 to 360 degrees, the rotational torque was calculated at each step. Then, the magnets were driven in steps of 30 degrees until 360 degrees had been completed.
From the result of the torque, we considered the stable angle  in each magnet arrangement of φ. The stable angle is fixed by the angle in which the torque is zero and the torque line is downward to the right.
One Remanent Point Model. In the case of L=4 mm and P=26 mm, the results of the torque were calculated as shown Fig. 7 . As shown in the figure, the stable point is concentrated at 4 points; thus, the iron ball could not be spun.
In the case of L=10 mm and P=20 mm, the results of the torque lines are shown in Fig. 8 , and the stable angles are shown in Fig. 9 . In this case, the stable angle changes according to the magnet arrangement φ. We can spin the iron ball. However, the spinning motion may not be smooth, and cogging torque seems to be present. Various Remanent Points Model. We examined the various remanent models. Two types of two remanent points models are introduced. One model places the two remanent points on the equator. The other model has two remanent points at 45 degrees latitude. These models are represented by Fig.  10 and Fig. 13 . The results of the torque and the stable points are shown in Fig. 11 and Fig. 12 and in Fig. 14 and Fig. 15 , respectively. As shown in the figures, the iron ball can be spun smoothly when the number of remanent magnetization points is equal to two. 
Summary
In this paper, the prototype and the spinning principle of the noncontact spinning mechanism using linearly actuated magnets were introduced. The remanent magnetization point was simplified, and the IEM analysis for rotational torque performance was carried out with several assumed models. The IEM analysis results indicate that the large movement amplitude of linearly actuated magnets and the large distance between the iron ball and the magnets can make the iron ball spin. Moreover, the two remanent points will yield a better rotational performance. In addition, a measurement device was installed with one remanent magnetization point, and the rotational torque was measured experimentally. The experimental results indicated that all of the IEM analysis results were available. Finally, in addition to the models discussed in this paper, there will be many complex models that can spin the iron ball successfully.
